The development of somatically mutated memory and plasma B cells is a consequence of T cell-dependent antigen-challenged humoral immunity. To investigate the role of B cell-mediated humoral immunity in the initiation and evolution of multiple sclerosis (MS), we analyzed Ig variable heavy chain genes of intrathecal B cells derived from patients with a first clinical manifestation suggestive of MS. Sequences of Ig variable regions showed that B cells in the cerebrospinal fluid from most of these patients were clonally expanded and carried somatic hypermutated variable heavy chain genes. The mutations showed a high replacement-to-silent ratio and were distributed in a way suggesting that these clonally expanded B cells had been positively selected through their antigen receptor. In comparison, intrathecal B-cell clonal expansion often precedes both oligoclonal IgG bands and multiple magnetic resonance imaging lesions. Clinical follow-up study showed that patients with clonally expanded intrathecal B cells had a high rate of conversion to clinically definite MS. The findings provide direct evidence of recruitment of germinal center differentiated B lymphocytes into the central nervous system during the initiation of MS. These results indicate B cell-mediated immune response in the cerebrospinal fluid is an early event of inflammatory reaction in the central nervous system of MS. This procedure also provides a more sensitive method to evaluate the association of humoral immunity in the evolution of MS. (Lab Invest 2003, 83:1081-1088. M ultiple sclerosis (MS) is a chronic (auto)immune inflammatory disease that causes disability due to immune-mediated damage of myelin sheath and axons (Adams, 1983; Smith et al, 1993) . Within demyelinating lesions, there is an accumulation of lymphoid and myeloid cells, including T and B lymphocytes, monocytes, and macrophages (Compston et al, 1989; Hafler et al, 1985; Wucherpfennig et al, 1997) . The infiltration of B cells and deposition of antibodycomplement complexes indicate that humoral immunity facilitates inflammation and accelerates damage to myelin sheaths and axons Genain et al, 1999; Lucchinetti et al, 2000) .
M
ultiple sclerosis (MS) is a chronic (auto)immune inflammatory disease that causes disability due to immune-mediated damage of myelin sheath and axons (Adams, 1983; Smith et al, 1993) . Within demyelinating lesions, there is an accumulation of lymphoid and myeloid cells, including T and B lymphocytes, monocytes, and macrophages (Compston et al, 1989; Hafler et al, 1985; Wucherpfennig et al, 1997) . The infiltration of B cells and deposition of antibodycomplement complexes indicate that humoral immunity facilitates inflammation and accelerates damage to myelin sheaths and axons Genain et al, 1999; Lucchinetti et al, 2000) .
Several recent studies indicate that permanent tissue damage occurs early in the course of MS (Ganter et al, 1999; Trapp et al, 1998) . In most cases of MS, the first clinical manifestation is clinically isolated syndromes (CIS) involving optic neuritis, transverse myelitis, or a brain stem/spinal cord syndrome. The role of an antigen-driven immune response in the initiation and the development of MS at this stage is still unclear. Based on experiments in rodents and humans, somatic hypermutation of B-cell Ig variable region genes occurs during B-cell differentiation which, when coupled to T cell-dependent antigen selection in germinal centers (GCs), results in affinity maturation, immune memory, and B-cell clonal selection (Archelos et al, 2000; Baranzini et al, 1999; Colombo et al, 2000; Correale and de Los Milagros Bassani Molinas, 2002; Cross, 2000; Owens et al, 1998; Qin et al, 1998) .
Early studies have shown that clonal expansion is based on immune memory, which results in an enhanced response on restimulation with the same antigen. Memory is generated by an increase in affinity of B-cell clones for the antigen resulting from somatic mutation of the Ig V gene, with the B cells undergoing a Darwinian clonal positive selection process based on their affinity for antigen held on follicular dendritic cells in GCs. High-affinity mutants survive, whereas low-affinity ones cannot bind antigen and die by apoptosis (Hollowood and Macartney, 1991; Liu et al, 1989) . Under persistent antigen stimulation, memory B-cell clones undergo massive proliferation and dominate a specific B cell-mediated humoral immune response throughout the lifetime of the organism (Gray and Matzinger, 1991; Gray and Skarvall, 1988; Slifka et al, 1998) .
In the present study, we have studied B-cell clonal expansion and somatic hypermutation of Ig-variable heavy chain (V H ) genes expressed by intrathecal B cells from patients with a first clinical manifestation suggestive of MS. We show that antigen-driven Ig-V H gene somatic hypermutation and B-cell clonal expansion are characteristic of the adaptive immune response in the cerebrospinal fluid (CSF) of a majority of these patients. Patients with adaptive immune response in the CSF showed a high risk of developing clinically definite MS (CDMS).
Results

Clinical Assessment
To investigate the nature of the B-cell response in the central nervous system (CNS) in MS, analyses of B-cell clonality of the CSF cells and antigen-driven Ig-V H gene somatic hypermutation were performed by RT-PCR and sequencing techniques. We studied a total of 48 individuals, 16 with a CIS suggestive of MS and 32 with other neurologic diseases (OND). The clinical features, laboratory, and brain magnetic resonance imaging (MRI) findings of these CIS patients are presented in Table 1 . At the time of testing for B-cell clonal expansion and Ig-V H gene somatic hypermutation, laboratory examination showed that, of the 16 patients with a CIS suggestive of MS, 7 had no CSF oligoclonal bands (OCBs), 5 had no lesions on MRI, 3 had one spinal lesion, and 8 had Ն three lesions. Figure 1 shows PCR amplification of the Ig complementarity-determining region 3 (CDR3) genes from intrathecal B cells. PCR bands indicating CDR3 Ig-V H genes were seen in 13 of 16 patients with a CIS suggestive of MS (Fig. 1A) and 3 of the 32 OND (Fig.  1B) . Faint bands were seen in 1 of 16 CIS cases and in 3 OND cases. Table 2 shows amino acid sequences of CDR3 genes. Sequence analysis showed B-cell monoclonal and dual clonal expansion in 12 cases and polyclonal expansion in 1 case with CIS suggestive of MS. CSF B-cell clonal (1 case) and polyclonal (2 cases) expansion was seen in 3 of 32 OND cases. In identical clones, the V H -N-D-N-J H regions were identical both in length and sequence. The different sequences of CDR3 found in polyclonal B cells (Case 6) showed clear differences both in length and sequence. In comparison with laboratory and MRI results, 5 of 13 cases with intrathecal clonal and polyclonal B-cell expansion had no CSF OCB and 6 cases had no disseminated (more than two) MRI lesions. For three CIS cases with faint or no PCR bands, laboratory findings showed that all three cases had no CSF OCB and one case had one spinal cord lesion ( Summary of CIS patients in this study. MRI, brain and spinal cord magnetic resonance imaging; OCB, oligoclonal bands; Cell number, total number of white blood cells in the specimen (2-8 ml); EDSS, expanded disability status score; S, spinal cord.
CSF B Cell Clonality
Qin et al
A strong Ig-V H gene PCR band was found in the CSF of 3 of 32 OND patients: 2 of them (1 polyclonal and 1 monoclonal intrathecal B-cell expansion) had acute disseminated encephalomyelitis and 1 case with herpes zoster encephalomyelitis had polyclonal intrathecal B-cell expansion.
V H Family Utilization in Intrathecal B-Cell Clones
To determine V H family usage, sequences of V H genes expressed by intrathecal clonally expanded B cells were aligned to the closest germline V H genes ( Table  3) . The V H 3 family was significantly overrepresented with 6 of 14 clones (including dual clones from Cases 1 and 7) derived from the four members V H 3-15 (Cases 5 and 14), V H 3-48 (Case 7), V H 3-11 (Case 11), and V H 3-30 (Cases 12 and 13). Four of 12 clones used the V H 4 family, derived from the three members V H 4 -59 (Case 2), V H 4 -39 (Cases 3 and 8), and V H 4-DP70. The other 3 clones used the V H 1 family, derived from the three members V H 1-8 and V H 1-46 (Case 1) and V H 1-69 (Case 7) (Altschul et al, 1997; Matsuda et al, 1998) . To control the primer bias, we compared these V H families with those obtained with polyclonal expanded intrathecal B cells using the same V H primers, in which no dominant V H 3 and V H 4 families were obtained (Table 3 , Case 6).
Somatic Hypermutations
To study the differentiation pathway of intrathecal clonally expanded B cells, somatic hypermutation of Ig-V H genes expressed by clonally expanded intrathecal B cells was analyzed. The differences in nucleotide sequence when compared with the closest known germline V H genes show that the combined replacement (R) to silence (S) ratios for the framework region (FRs) and CDR domains are derived from the sum of all mutated codons in the V H sequences of the intrathecal B cells assignable to the germline gene segment (Table 3) . For 12 cases of CIS, the average replacement-to-silent ratio (R:S) in the FRs was 1.6, whereas that in CDR1 and CDR2 was 5.2. They were significantly higher and lower than the theoretical R:S value of a protein ‫,)9.2ف(‬ calculated for somatic mutations occurring randomly in a gene encoding a protein whose structure need not be preserved (Jukes and King, 1979) . A higher CDR R:S mutation ratio reflects positive selective pressure applied by an antigen to gene products that come into close contact with antigen. A lower FR R:S mutation ratio reflects the negative pressure for mutant selection applied to structural components that need to be conserved. Some of this sequence variation may be attributable to infidelity of Taq polymerase, which has been reported to result in an error rate of 1/5000 to 1/9000 errors per base polymerized (Oste, 1988; Tindall and Kunkel, 1988) .
Clinical Follow-Up
To study the predictive value of clonal expansion of hypermutated intrathecal B cells for the development of CDMS, patients were followed up clinically. After 1 to 6 years of follow-up, 10 of the 13 patients with clonal expansion of intrathecal B cells developed to relapsing-remitting MS (RRMS) ( Table 4) . Six of these 10 cases had disseminated (Ն3) MRI lesions, 4 cases had no disseminated (Յ1) MRI lesion, and 4 cases had no CSF OCB (Table 4) .
Discussion
The goal of the present study was to clarify the importance of B cell-mediated humoral immunity in the initiation and development of MS. We show here that B cells in the CSF of patients with a first clinical manifestation of suggestive MS, with or without disseminated MRI lesions or OCBs, were clonally expanded and carried somatic hypermutated V H genes. The infiltration of clonal B cells preceded the appearance of both MRI lesions and OCBs. Clinical follow-up showed that patients with clonal expansion of hypermutated intrathecal B cells demonstrated a high risk of developing CDMS.
In most cases of MS, the first clinical episode is a CIS. Progress in understanding and detecting the immune mechanisms in CIS suggestive of MS has been hampered by the lack of sensitive systems to identify an antigen-driven adaptive immune response in the CNS. Several recent studies have demonstrated that permanent tissue damage occurs early in the course of MS (Bruck et al, 1995; Ferguson et al, 1997; Ganter et al, 1999; Trapp et al, 1998) . The presence of OCB in the CSF, an early sign of immune response in the CNS, as demonstrated by isoelectric focusing techniques is seen in approximately 50% patients at this stage (Avasarala et al, 2001; Noort and Holland, 1999) . The ability to recognize an autoimmune reaction in the CNS during the early stages of disease is important to understand the immune pathogenesis in the initiation of MS, to establish a working diagnosis, and to guide an early treatment for delaying or preventing the development of MS. This study in CIS patients supports the early involvement of B cell-mediated humoral immunity in MS. Sequences of the CDR3 gene fragment of CSF B cells were analyzed to determine the clonality of these B cells. The criteria for establishing clonal relatedness were identification of the somatically formed V H -D H , D H -J H genes and the use of the same sets of V H D H J H genes. Using this approach, we have provided the first evidence for B-cell clonal expansion in the CSF of a majority of these patients (81%), which is significantly higher than the positive rate in the control OND group (3%, p Ͻ 0.01). The B-cell clonal expansion rate (81%) is also much higher than the OCB rate (50%) and the MRI rate with no or less than two lesions (50%) in the same group of patients. The predominant B-cell clonal expansion in the CSF seems to commonly precede both oligoclonal banding and MRI disseminated lesions. Demonstration of CSF dominant B-cell expansion is a sensitive test for the early assessment of an adaptive immunity in the CNS of MS.
Unlike genes of T cell receptors, the rearranged Ig variable genes in mature B cells can mutate. In T cell-dependent antibody responses, antigen-specific B cells undergo rapid and extensive clonal expansion in GCs. T-B cell interaction through CD40 on B cells and CD40 ligand on T cells and cytokines secreted by Th2 cells, such as IL-2, IL-4, and IL-10 are required for GC formation (Macklin et al, 1983; Rissoan et al, 1999) . GCs play a critical role in the generation of high-affinity humoral immune response via Ig gene somatic hypermutation. Somatic hypermutation occurs in the variable regions of Ig genes, which often show a marked accumulation of replacement mutations in their CDRs (Griffiths et al, 1984; Nossal, 1992; Siekevitz et al, 1987) . CDRs are thought to provide the antigen-binding site (Shlomchik et al, 1987) . Cluster- 
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ing of R mutations in CDRs has been used as an indicator of T cell-dependent, antigen-driven B-cell immunity (Bahler and Levy, 1992; Qin et al, 1995) . The positively selected CSF B-cell clones bore somatic mutations, which were highly concentrated in the CDR or FR regions, with a clustering of replacement mutations and insert codons in the CDRs but only a few in the FRs. This is a characteristic distribution pattern indicating that these B-cell clones have undergone a GC differentiation pathway. Somatic mutation of V genes can increase the ability of the surface Ig receptors to bind antigen, thereby giving the B-cell clone a growth advantage over other B cells that cannot respond to the antigen. Studies of the functional influence of these mutations have shown that the antigen-binding site (CDRs) depends on just 5 to 19 amino acids. A mutation that changes only one amino acid can increase or decrease the antibody's affinity 10-fold or change the antibody's specificity (Allen et al, 1987 (Allen et al, , 1988 . We have demonstrated that in MS, somatic mutations occur mainly in the CDRs with a high R:S ratio and were distributed in a way suggesting that these B cells had been positively selected through their antigen receptor in the GCs of secondary lymphoid tissues and migrated into the CNS (Qin et al, 1998) . Other groups have confirmed this observation with samples from CSF and plaques/lesions of MS (Baranzini et al, 1999; Colombo et al, 2000; Owens et al, 1998) .
More important, our results show that development of intrathecal B-cell clonal expansion in patients with CIS demonstrates similar characteristics to its development in patients with relapsing-remitting and chronic-progressive MS: (1) it is antigen-driven; (2) there is somatic hypermutation, and (3) there is an involvement of T helper cells. These findings indicate that an antigen-driven adaptive immunity, which has been considered to play an important role in lesion formation, occurred in the CNS of a majority of patients with CIS suggestive of MS. Data further confirm the significance of intrathecal B-cell clonal expansion in both clinic and pathobiology of MS. Analysis of CSF B-cell clonality can provide an objective assessment of an autoimmune process in the evolution of MS. The findings indicate that an ongoing destructive B cellmediated humoral immunity is occurring in the CNS at this early stage of patients with CIS and is sustained throughout the development to CDMS. Differences in nucleotide sequences in the V H genes of dominant clonally expanded CSF cells. FRs, framework regions; CDRs, complementarity-determining regions (including CDR1 and CDR2); R:S, replacement (R) to silence (S) ratios. In summary, our data points to an important role for B cell-mediated humoral immune response in the initiation and the development of MS. Our data also indicate the value of the detection of clonal expansion of somatic hypermutated intrathecal B cells at presentation as a predictive and prognostic indicator in patients presenting with a first CIS suggestive of MS.
B-Cell Clonal Expansion in Early MS
Materials and Methods
Patients
Based upon published criteria (Lublin and Reingold, 1996; Poser et al, 1983) , 16 patients with a CIS suggestive of MS and 32 patients with OND were selected. The study was performed before recent publication of more stringent diagnostic criteria (McDonald et al, 2001) . The 16 patients with a CIS suggestive of MS consisted of 12 women and 4 men with a mean age of 32 Ϯ 8 (range, 21-48) years and a mean expanded disability status score of 2.0 Ϯ 2.0. None of the patients had received glucocorticoids or immunosuppressive treatment in the preceding 6 months ( Table 1) .
Preparation of cDNA and DNA
Total RNA was extracted from 1 to 20 ϫ 10 4 CSF cells isolated from 2 to 8 ml of CSF using an RNeasy kit (QIAGEN Inc., Chatsworth, California). First-strand cDNA was synthesized using oligo d(T) as primer and avian myeloblastosis virus reverse transcriptase. Ig-V H gene arrangement was analyzed by nested RT-PCR.
Amplification of V H and CDR3 Genes
V H and CDR3 genes were amplified by PCR using 5' primers specific for each leader sequence of the V H 1 to V H 6 families (V H L1: 5'-CCATGGACTGGACCT-GGAGG-3', V H L2: 5'-ATGGACATACTTTGT TCCAGC-3', V H L3: 5'-CCATGGAGTTTGGGCTGAGC-3', V H L4: 5'-ATGAAAC ACCTGTGGTT CTT-3', V H L5: 5'-ATGG-GGTCAACCGCCAT CCT-3', V H L6: 5'-ATGTCTGT-CTCCTT CCTCAT-3') or FR 3 (5'-ACACGG CTGTG-TATT-3'), and 3' primers complementary to the germline J H regions (J H : 5'-CCCTGGACCAGTGGCAGA-GGAGT-3', J H 1,2,4: 5'-ACTCACGTTTGAT(T/C) TCCA (G/C)CTTGGTTCC-3', J H 3: 5'-GTACTTACGTTT GAT-ATCCACTTTGGTCC-3', J H 5: 5'-GCTTACGTTTAA-TCTCCAGTCGTGTCC-3'). PCR was performed in a final volume of 50 l of reaction buffer [50 mM TrisHCl, pH 9.0, at 25°C, 20 mM (NH 4 ) 2 SO 4 , 3.0 mM MgCl 2 ] containing 50 mol of deoxyribonucleotide triphosphates, 2.5 U of recombinant Taq polymerase, and 50 pmol of each primer. Amplification consisted of an initial denaturation step of 5 minutes at 94°C, followed by 30 cycles under standard conditions (denaturation 1 minute at 94°C, annealing 1 minute at 52-56°C, extension 1 minute at 72°C), with a final extension step of 10 minutes at 72°C. Reamplification of 1-l aliquots of the initial PCR product was performed using the above-described primers and PCR conditions. Aliquots of the final reaction were analyzed by electrophoresis on a 2% agarose gel (Sigma) containing ethidium bromide.
Sequencing and Cloning of I-V H and CDR3 Genes
PCR products were purified and cloned into the pGEM-TA vector. After transformation of JM109 competent cells, clones found by plasmid DNA restriction analysis to contain an appropriately sized insert were selected. The double-stranded DNA templates from 5 to 10 colonies containing V H or CDR3 gene inserts were sequenced both by the method of Sanger et al (1977) and using a sequencer. These analyses were performed in all cases with a high density of PCR bands.
Assignment of Ig Gene Sequences
To analyze B-cell clonality, the VDJ region or the CDR3 was assigned by using the approach of Fais et al (1998) , which requires a sequence of seven consecutive nucleotides of D H segment containing no more than two nucleotide changes. Monoclonal and oligoclonal B-cell clonal expansion indicated that the identity of the CDR3 gene sequence(s), from one or two B-cell clones in CSF cells, should be at 60% to 80%. Polyclonal B-cell clonal expansion implies variability at the joining sites of CDR3 gene sequences. To analyze somatic hypermutation, nucleotide sequences were aligned with those in the GenBank current database of the IgBLAS-Analysis of Ig sequences and Nucleotide BLAST program (Natural Center for Biotechnology Information, New Haven, Connecticut). By comparing each sequence with the germline sequences, mutations were defined on the basis of nucleotide changes in the V H segment. Two nucleotide exchanges in a single codon were scored as a single replacement mutation.
